Introduction
Radon is an element of nature. It acts like a gas indoors and in the ground. The gas is difficult to lock in or out and therefore it exists nearly everywhere in more or less measurable concentrations. Radon gas cannot be smelt by a human being and is invisible. It is soluble in water to some extent, at least in the sense that it can be transported by water from one place to another. The radiation from radon and its daughters produces a risk of lung cancer by inhalation of air with high radon and radon daughter concentrations over a long period of time. The time scale for cancer is about 25 years at a radon daughter activity of 400 Bq.m -3 . This activity corresponds to about 2 × 10 8 radon daughter atoms per m 3 of air. This number is tremendously small in comparison with 2.5 × 10 25 which is the approximate number of air molecules in 1m 3 of air at normal pressure and room temperature. The activity 400Bq.m -3 of radon daughters indoors is adopted as a level of health risk in Sweden ( Jönsson, 1987) .
Fertilizers containing phosphate have become essential to the world's agriculture. They are produced and used worldwide in increasing quantities to replenish natural nutrients depleted from soils because of forming and erosion. However, the mining, processing and use of fertilizer materials in massive quantities redistributes radioactive trace elements throughout the environment, principally uranium, radium, radium decay products. Horton (1986) has measured the radon emission rates for two phosphate gypsum piles in central Florida. Both piles had an average radium concentration of about 0.9Bq/g. The exhalation rate of radon was measured to be about 3,600Bqm -2 h -1 ; the total annual release rate was estimated to be 25TBqy -1 for a pile with an area of 82ha. Hartley and Freeman (1986) made more detailed measurements of radon emission rates for two phosphate gypsum piles in Florida over a four-day period. The average radon escape rate was 2,500 Bq.m -2 .h -1 . For the drier areas, the escape rate was 1,500-3,800Bqm -2 h -1 ; while for the wet areas it was an average factor of 9 or less. Locations on the pile covered with 8-15cm of soil had an average radon escape rate of about 900Bqm -2 h -1 .
The US Environmental Protection Agency (1987) has measured radon releases at four active and one inactive gypsum piles over a year-long period. The escape rate for the four active piles was 2,500Bqm -2 h -1 ; for the inactive pile for the same period, the escape rate was 500Bqm -2 h -1 . Since most fertilizers are used to improve crop yields, there is concern about the potential uptake by plants of the trace radionuclides present in the fertilizers. Studies by several investigators have indicated that food crops take up radionuclides such as uranium and radium from the soils in which they are grown (Watters and Hansen,1979) . The amount of uptake has been shown to be dependent on several factors, including solubility, crop type, soil type and calcium concentration in the soil. In most cases, the relative concentration factors (concentration in dry plant material/concentration in dry soil) was less than 0.1, suggesting that the radionuclides are excluded to varying degrees. Increases in soil radioactivity concentrations due to fertilizers use may be accompanied by some increases in the radioactivity present in various food crops, although generally it should be small. Investigations in New Zealand, Australia and the UK have shown increases in the respective α-activity of wheat grains and sheep bones after wheat fields and grazing areas were intensively fertilized with superphosphate (Marsden, 1964) .
This preliminary study describes a simple method to measure the radon concentration. Estimate of the exhalation rate of 222 Rn from phosphate fertilizers, clay and potatoes based on measured radon concentration indicates workers handling fertilizers in storage rooms may be subjected to inhalation hazards from decay products of 222 Rn. Three Egyptian factories of phosphate fertilizers (Assuit, Abu Zaable and Kafr El Ziat) were selected in this study as shown in Figure 1 .
Experimental technique
A passive method using CR-39 plastic detector as solid state alpha-track detector was developed for measurement of radon exhalation rate from fertilizers, potato crop and clay. The thickness of CR-39 is about 500µm, which is specially designed for the registration of alpha particles. The tracks detected by these CR-39 films enlarged by processing the detectors in an alkaline solution. The calibration factor (Maged et al.,1993) for radon measurements using CR-39 detector in a plastic hollow holder was 1.37 track cm -2 .kBq -1 .h -1 .m 3 . The CR-39 detector was cut into 1.5 × 1.5cm pieces and affixed to a hollow holder. Samples of some fertilizers, dry potatoes and clay of about 1gm were ground, then pressed at 10 tons (disc diameter 1.3cm) for ten minutes. The sample was then placed inside the hollow holder. The exposure time was about two months. The tracks due to alpha particles from radon that had entered the air space in the hollow holder were registered in the CR-39 plastic detector. The films were etched in 6 M NaOH solution at 70ºC for 18 hours, then were held for about five minutes in running water. The number of alpha tracks was recorded by optical microscope attached to an image analysis system Quantimet 500.
Theoretical approach
The time rate change of radon concentration indoors can be described as follows: (1) where C(t) is the radon concentration indoors at time t (Bq.m -3 ), E is the radon exhalation rate per unit area (Bq.m -2 .h -1 ), S is the surface area from which radon is exhaled (m 2 ), V is the indoor volume (m 3 ), A is the other radon sources (Bq.h -1 ), C o is the outdoor radon concentration (Bq.m -3 ), λ v is the air exchange rate (ventilation) constant (h -1 ), T i and T o are the indoor and outdoor temperature respectively, P i and P o are the indoor and outdoor atmospheric pressure respectively; λ is the radon decay constant (h -1 ).
Under equilibrium conditions equation 1 can be simplified as follows : (2) It is evident from equation (2) that the main variables to the exhalation rate per unit area (E) are the indoor radon concentration C(t) and the air exchange rate constant (λ v ). It is possible to predict the exhalation rate per unit area by measuring these two parameters, C(t) and λ v .
To estimate the maximum radon concentration in a closed chamber, we set λ v equal to 0.05h -1 , which is a very poor ventilation rate. Therefore, equation (2) can further be simplified as follows: (3) The exhalation rate per unit area (E) can then be estimated by measuring C and V/S. Consider the case of radon exhaling from a disc of thickness T containing a uniform concentration of 226 Ra and in addition, the radon concentration above and below the disc are maintained at C S and C B respectively. This configuration is shown in Figure 2 . At equilibrium state, the exhalation rate of radon from the surface of the disc at X = T is as follows (Colle et al.,1981) ,
where ε is the porosity, ratio of pore volume to bulk volume; λ is the decay constant of radon 7.6 × 10 -3 h -1 , l is the diffusion length of radon in the disc; θ is the radon production rate Bq.m -3 ; C B is the radon concentration at X = 0; and C S is the radon concentration at X = T. It is possible to see that the exhalation rate of radon from the surface of the disk is proportional to the porosity of the medium, the diffusion length of radon, and the decay constant of radon. The three terms in parenthesis in equation (4) indicate that the radon production rate and radon concentration below the disc will increase the surface exhalation rate, while the radon concentration above the disc will decrease the radon flux on its surface. The thickness of fertilizer or clay samples tested is thinner than 1cm, but the effective diffusion of 222 Rn in soil air, assuming free communication between pore spaces, is about 2m (UNSCEAR, 1982) . It is of interest to note here that clay soils, although very porous, are not very permeable even when dry because free communication between the pore space is prohibited by the textural composition of the soils (Figure 3) .
In this case, sinh T/l ≅ T/l, cosh T/l ≅ 1 + T/5 , equation (4) can be simplified as follows,
The equation (5) mathematical approach is based on an ideal steady state condition. In a real situation, the initial radon exhalation rate (E o ) in a closed chamber is large because at t = 0, C S = 0. Later, radon exhalation rate, E(t) decreases rapidly as C B increases with time, and E(t) will reach a constant value as both C S and C B , in equation (5), also reach a constant value. To measure such a low radon exhalation rate, a passive method was developed and the mathematical model needs to be simplified to asses the average radon exhalation rate into a closed chamber.
Experimental approach
If a disk of fertilizers, or clay or dry potatoes (1gm), is set inside a hollow holder (volume is 3 × 10 -5 m 3 and surface area is 1.33 × 10 -4 m 2 ) the time varying radon concentration in the hollow holder C(t) will follow the differential equation. (6) where S is the area of the disk (m 2 ), V is the volume of the hollow holder (m 3 ), and λ is the decay constant of radon. To observe the dynamic variation of radon level in a closed chamber (volume is 0.24m 3 ), the pitchblende sample (surface area is 7.85 × 10 -3 m 2 ) was placed in a closed chamber well equipped with a silicon barrier detector. The radon concentration in the chamber was measured daily until it reached equilibrium. It showed that the exhalation rate decreased as the radon concentration in the air increased as shown in Figures 4 and 5 .
Experimental data showed that E(t) can be expressed as follows at equilibrium:
The α-value of Figure 5 is 0.5m.h -1 which was calculated from pitchblende mineral in a closed chamber at equilibrium. Substituting E(t) in equation (6) by equation (7) gives (8) 
Let
The β value is 0.02h -1 for pitchblende inside the closed chamber. Then a solution of equation (8) is (9) Integrating equation (9) from t = 0 to t = t gives (10) Equation (10) shows the cumulative radon activity by using a passive cumulative radon monitor. There are two unknown parameters, E o and β, so it is not possible to get both parameters by a single measurement. To simplify the measuring procedures, set E(t) = constant, then equation (9) can be simplified as (11) This is the case of no back diffusion. Figure 6 shows the difference of radon growth curves of equations (9) and (11). According to the dynamic observation of the radon exhalation rate from pitchblende mineral, it will reach equilibrium within 15 days. At equilibrium E(t) it can be calculated by rewriting equation (6) as follows:
(12) Figure 5 shows the radon exhalation rates of pitchblende mineral calculated from equation (12). From this figure and Tables I-II, it is 
Figure 5
Exhalation rates calculated by equation (12) of pitchblende mineral. Regression curve at equilibrium shows low slope (α value in equation (7) Growth of radon in closed chamber by equations (9)- (10) [ 134 ] possible to see that the initial radon exhalation rate is very high and shows a discrete phenomenon. The correlated parameters are summarized in Tables I and II . The difference between the radon exhalation rates calculated from equation (12) and the hollow holder method at equilibrium using equation (13) are compared in Table II . The hollow holder method which measured data within two months of exposure was a little bit higher than that calculated from equation (12). Figure 7 shows the experimental relation between the ratio of volume of the hollow holder per surface area from which radon is exhaled and the time of reaching equilibrium. In practical application, the CR-39 plastic detector can be used in a calibrated hollow holder to measure the accumulated activity and estimate the average radon exhalation rates from fertilizers, clay and potatoes. In this case equation (10) can be simplified as (13) where E is average radon exhalation rate of fertilizers or clay or potatoes (Bq.m -2 .h -1 ), C is the mean radon concentration measured by CR-39 (Bq.m -3 ), t is exposure time (two months), V is the volume of the hollow holder (m 3 ) and λ is the radon decay constant (h -1 ).
Conclusion
The use of fertilizers containing phosphate in massive quantities has led to the redistribution throughout the environment of large amounts of uranium, radium and radium decay products. The resulting potential radiological impacts are due to direct exposure, surface run-off inhalation and ingestion of foods grown with fertilizers. Gypsum, a byproduct of the production of phosphate fertilizers, contains much of the radium originally in the phosphate rock. The resulting waste gypsum piles are a source of radon emission to the environment. In our measurements the average radon exhalation rates for processed fertilizers, clay and potatoes are 1.8, 0.6 and 0.07Bq.h -1 .m -2 respectively, from one gram by the hollow holder method. We believe that the exhalation rate per gm may be constant for thickness of the order of one meter. This is based on the diffusion length of 222 Rn in porous media being as high as 200cm. The exhalation rate of 222 Rn from 200 bags of fertilizers each of 50kg kept in an unventilated Notes: E h is measured by CR-39 plastic detector in hollow holder from equation (13) E 1 is calculated from equation (12) The analysis uncertainty of a passive track-etch radon detector is ±15 per cent store room of volume 10 × 10 × 5m 3 will lead to a concentration of more than 1.5 × 10 3 kBq.m -3 after 24 hours of storage. The Commission of the European Communities recommends the use of a conversion ratio by which 1Bq.m -3 of 222 Rn corresponds to an effective dose equivalent of 0.05 mSv.y -1 . The alpha dose deriving from the inhalation of the short lived daughters of 222 Rn present in the air may be calculated on the basis of the level of the concentration of 222 Rn and was found to be 75mSv.y -1 . The level recommended for the public varies from 10-148Bq.m -3 (0.5-7.4mSv.y -1 ). The concentration in store rooms estimated on the basis of measurements of fertilizers samples indicates that people working in such environments may be subjected to significant inhalation hazards. It is then possible to establish a database for the best use of fertilizers in the environment in improving either the yield of crops or the method of storage. This method may be used to measure the exhalation rate of any dry material.
